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Abstract: To observe the Te inclusions distribution along the axial direction of CdZnTe ingots, batches of as-grown detector-grade 
CdZnTe crystals grown by vertical Bridgman method, were investigated using IR transmission imaging. However, there is not a 
rigorous regularity for the micron-scale Te inclusions distribution along the axial direction of CdZnTe ingots according to the 
measurements of the present investigation. The size and distribution variations of Te inclusions are attributed to the growth velocity, 
furnace temperature situation and morphological changes at the liquid-solid interface during crystal growth.  Electron mobility 
lifetime products were discussed in conjunction with Te inclusions. However, no strict correlations are identified between the sizes 
and concentrations of Te inclusions and the γ-ray spectroscopy response. Extended defects in CdZnTe crystals, which are not visible 
via IR transmission imaging, potentially attribute to CdZnTe detectors performance degrades. 
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1 Introduction 
 
Recently, a growing tendency of CdZnTe (CZT) 
based detectors instead of the scintillator detectors 
applied in the fields of astrophysics, medical imaging, 
industrial monitoring, national security and X-ray 
fluorescence has been driven by the current 
improvements in CZT crystal growth technology, in 
combining with the detector fabrication[1−2]. However, 
the material inhomogeneity in CZT crystals, especially 
through structural imperfections, reduces CZT wafer 
availability and increases the costs. Among them the 
primary performance limitation of CZT for wide use as a 
radiation spectrometer is attributed to the presence of Te 
inclusion[3−4]. For the last two decades, abundant 
literatures were published to observe Te inclusions in 
CZT crystals with various methods[5−8]. The generation 
of Te-rich particles in CZT crystals was also discussed 
[9−10]. Currently, both statistical measurements and 
mathematical simulation have been explored to 
investigate the energy resolutions for CZT detectors 
associated with Te inclusions[11−12]. Nevertheless, in 
terms of CZT materials screening, a more detailed 
understanding of the distribution of Te inclusions in CZT 
ingots is still required. 
In this work, high resistivity detector-grade CZT 
ingots were grown using vertical Bridgman method. CZT 
wafers cut along axial direction of the ingots were 
investigated. The sizes and distributions of Te inclusions 
were observed by IR transmission microscopy. A 
correlation between crystal growth situation and Te 
inclusion states was discussed. In addition, the electron 
mobility lifetime products of as-grown CZT crystals 
were examined. The correlation between Te inclusions 
within CZT crystals and the corresponding charge 
transport behaviors was discussed based on the 
experimental results. 
 
2 Experimental 
 
Several indium doped Cd0.9Zn0.1Te ingots with a 
diameter of 60 mm and the lengths in the range of 
160−200 mm were grown by vertical Bridgman method. 
The selected as-grown CZT wafers, free from twins and 
grain boundaries, were sliced perpendicularly to the axial 
(growth) direction from different parts of the ingot. The 
wafers were mechanically polished by pastes of 3 μm 
SiC, 0.3 μm Al2O3, and 0.05 μm Al2O3, respectively. 
Immediately after, they were chemically etched with 1% 
Br-MeOH solution prier to further analysis. 
Imaging of Te-rich particles was carried out using 
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an IR transmission microscopy system (with the optical 
resolution limit of 1 μm). The electron mobility lifetime 
product of the as-grown CZT crystal was evaluated using 
241Am @ 59.5 keV γ-ray spectroscopy responses, 
according to a completed CZT planar detector. Finally, 
CZT quasi-hemispherical detectors were fabricated to 
approach high energy resolution for 137Cs @ 662 keV 
γ-ray. 
 
3 Results and discussion 
 
3.1 Size and distribution of Te inclusions 
In order to reveal the distribution of Te inclusions 
along the axial direction of as-grown CZT ingots, wafers 
cut from the top (first to freeze), middle, and tail (last to 
freeze) of the ingots were evaluated. Fig.1 shows the size 
and distribution variations of Te inclusions in two typical 
ingots. 
Generally, three typical sizes and density 
distributions of Te inclusions are obtained in as-grown 
CZT crystals, as illustrated in Figs.2(a), 3(a) and 4(a). 
Fig.2(b) shows that sample CZT1 has small Te 
inclusions, usually in the size of 5−10 μm, while with a 
high density. And sample CZT2 has large Te inclusion 
with size range of 20−30 μm, even bigger, whilst with a 
low density, as shown in Fig.3(b). Sample CZT3 has 
both small and large Te inclusions, however, with a 
medium concentration, as shown in Fig.4(b). 
RUDOLPH[9] showed that the axial distribution of 
Te precipitates, which are solid-state precipitated defects 
with the typical size from 10 to 50 nm, in CdTe crystals 
growing from the melt followed a profile that agreed 
with Pfann’s model[13], given by the distribution 
function (1): 
( 1)
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where C0 is the initial concentration of Te precipitates in 
the melt, k is the equilibrium segregation coefficient of 
Te, and g is the solidified fraction. Similarly, for the 
micron-scale Te inclusions, both size and concentration 
of Te inclusions are taken into account. The atomic 
concentration CTe,S (per unit of volume) of excess Te 
formed as inclusions in the crystals was estimated using 
the following equation, with the assumption that the Te 
inclusions are spheres: 
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where ρi and ri are respectively the density and radius of 
particles of class of diameter i in the crystal; MTe and dTe 
are, respectively, the atomic mass and mass density of Te; 
and Na is the Avogadro’s number. 
However, there is not a rigorous regularity for the 
micron-scale Te inclusions distribution along the axial  
 
 
Fig.1 Distribution of Te inclusions in CZT ingots: (a)−(c) Typical IR images from ingot I; (d)−(f) Typical IR images from ingot II 
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Fig.2 Typical IR image for CZT1(a), histogram of the Te inclusions size distribution in CZT1(b), induce photo-peak position vs bias 
voltage for CZT1, fitted using single carrier Hecht equation(c) (Detector was irradiated with 241Am@ 59.6 keV γ-ray source) 
 
direction of CZT ingots in the measurements. The atomic 
concentrations of excessive Te formed as inclusions in 
the typical ingots are listed in Table 1. The size and 
distribution of Te inclusions in as-grown CZT ingots are 
insensitive to the solidified position. 
Generally, precipitates, in compound semi- 
conductors, reflect the segregation of one type of atom, 
inclusions on the other hand, follow the effect on the 
growth rate and morphological changes at the 
crystallization interface. According to the capture theory 
reported by CHERNOV and TEMKIN[14], there is a 
critical velocity vc for the capture of a secondary phase 
droplet, which is proportional to the radius of the droplet. 
When the real growth rate vr is higher than vc, the droplet 
tends to be trapped by the solid/melt interface, in turn to 
be a inclusion. Whereas, the droplet will be pushed 
forward the melt. Although a constant pulling rate is kept 
for the growth ampoule during the crystal growth, the real 
Table 1 Atomic concentration of excess Te formed as 
inclusions 
Ingot No. *Solidified fraction/% CTe, S/% 
20 1.5×1018 
60 1.3×1018 1 
85 2.1×1018 
20 2.6×1018 
60 2.3×1018 2 
85 1.9×1018 
20 1.8×1018 
60 1.6×1018 3 
85 2.0×1018    
*Distance from first to freeze point 
 
growth rate changes all the time, which can be described 
as follows: 
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where λS and λL are the thermal conductivity of solid and 
liquid state, respectively; GS and GL are the solid and 
melt temperature gradients, respectively; ρs is the density 
of the solid; and ∆HM is the latent heat of fusion. So, vr is 
determined by the temperature field. Since GS and GL 
usually vary during crystal growth by vertical Bridgman 
method, it is hard to control the crystal growth with a 
constant velocity. So, the trapped Te droplets generally 
vary throughout the as-grown CZT ingots, thus the Te 
inclusions vary. Fig.2(a) reflects the corresponding CZT 
crystal grown with a lower vr than that of Fig.3(a). The 
more uniform sizes distribution of Te inclusions 
indicates a stably trapping process. However, other 
issues could participate in the Te droplets entrapment, 
which are possibly responsible for the Te inclusions as 
illustrated in Fig.4(a), and the large variation of Te 
inclusion size suggests a mutation of the growth rate. 
Another uncertainty event during crystal growth is 
the morphological changes at the crystallization interface, 
which is attributed to the temperature variation, external 
mechanical vibration and constitutional supercooling. 
Since the charge and the furnace move relatively to each 
other during crystal growth, it is difficult to achieve 
adequate long-term stability of the growth interface, as 
the radiative heat transport continuously changes at the 
ends of the growth crucible with the progress of the 
translation. The experimental observation of the interface 
shape in Bridgman grown CdTe shows that its curvature 
depends strongly on the axial position[15]. The curvature 
changes from convex to concave in the tip region and 
from concave to convex in the last-to-freeze region 
because of the influence of the end effects. The growth 
conditions of the middle part of the crystal are 
determined by a nearly constant, but slightly concave 
interface. 
On the other hand, since the equilibrium segregation 
 
 
Fig.3 Typical IR image for CZT2(a), histogram of Te inclusions size distribution in CZT2(b) and induce photo-peak position vs bias 
voltage for CZT2, fitted using the single carrier Hecht equation(c) (Detector was irradiated with 241Am@ 59.6 keV γ-ray source) 
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Fig.4 Typical IR image for CZT3(a), histogram of the Te inclusion size distribution in CZT3(b) and induce photo-peak position vs 
bias voltage for CZT3, fitted using the single carrier Hecht equation(c) (Detector was irradiated with 241Am@ 59.6 keV γ-ray isotope) 
 
coefficient of Te is less than 1, which can be evaluated 
from the solidus and liquidus of the pseudo-binary phase 
diagram, and is temperature-dependent, the excess of Te 
in the melt is varied. The melt will therefore 
continuously be enriched with excess Te as the 
solidification processing. This has the effect of lowering 
the crystallization temperature, resulting in the 
constitutional supercooling and entrapment of Te 
droplets, if the ratio of the axial temperature gradient at 
the crystallization interface to the growth velocity does 
not fulfill the conditions for interface stability. Therefore, 
the sudden changes of the crystallization interface likely 
contribute to the Te inclusions, as shown in Fig.4(a). 
In addition, force and natural convection in the melt 
may affect the Te-rich droplets near the crystallization 
interface, which plays an import role in the entrapment 
of Te-rich SP droplets. The dopant and Zn segregation 
possibly play an important role in the distribution 
variation of Te inclusions in as-grown CZT crystals too 
[16−17]. So the size and distribution of Te-rich 
inclusions along axial direction of CZT ingots should be 
ascribed to the multi-factors coupling reaction. 
 
3.2 Mobility lifetime product measurements and γ-ray 
spectroscopy 
To compare the effect of Te inclusions on CZT 
charge transport behaviors, the mentioned samples CZT1, 
CZT2 and CZT3 with different sizes and distributions of 
Te inclusions were selected. The corresponding electron 
mobility lifetime products (μτ)e were obtained. CZT1 
with small but high density of Te inclusions, has a (μτ)e 
value of 2.21×10−3 cm2/V, as illustrated in Fig.2(c). 
CZT2 with large-size Te inclusions only has a (μτ)e value 
of 0.85×10−3 cm2/V, as shown in Fig.3(c). 
BOLOTNIKOV et al[11] observed that large Te 
inclusions over 10 μm are detrimental to the device’s 
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responses at concentrations of 104 cm−3, while small ones, 
lower than 2 μm, can be tolerated up to 106 cm−3. 
BALE[12] revealed that the effective mobility-lifetime 
product depended on the number density of inclusions 
and their mean size. As the concentration of inclusions 
increases, the effective mobility-lifetime product reduces 
first for the larger inclusions, which is in good agreement 
with our measurements for CZT1 and CZT2. For CZT3, 
both small and large Te inclusions are observed, while 
with a medium concentration. The (μτ)e value is 
approximately 1.25×10−3 cm2/V, as illustrated in Fig.4(c). 
 
 
Fig.5 Room temperature γ-ray spectroscopy responses for 
CZT1(a), CZT2(b) and CZT3(c) quasi-hemisphere detector, 
respectively, irradiated by uncollimated 137Cs @ 662 keV 
source, without additional signal correction 
To further clarify the role of Te inclusions on CZT 
detector γ-ray spectroscopy response, CZT quasi- 
hemisphere detectors with the size approximately of 4 
mm×4 mm×2 mm were fabricated based on CZT1, 
CZT2 and CZT3. The pulse height spectra were obtained 
irradiated by an uncollimated 137Cs @ 662 keV radiation 
source, as shown in Figs.5(a), (b) and (c), with the 
processing. This means that the (μτ)e value does not 
dominate the FWHM of the induced γ-ray photo-peak 
alone. Although Te inclusions within the crystals are 
responsible for the degradation of charge collection 
efficiency, no correlations are identified among the sizes 
and concentrations of Te inclusions and the width of the 
peaks measured with these particular samples. 
HOSSAIN et al[18] found that some CZT crystals with 
low concentrations of Te inclusions performed poorly as 
detectors. Employing surface-etching techniques, they 
observed several types of extended defects in CZT 
crystals (such as dislocations, low-angle and sub-grain 
boundaries) that were not readily visible via IR 
transmission imaging. The measured values of the 
FWHM can be attributed to the extended strains in the 
crystals and associated with point defects or dislocations 
caused by Te inclusions. 
Although the size and concentration distribution 
along the axial direction of CZT ingot is unpredictable, 
crystals with large average size (>20 μm) or highly dense 
(>106) Te inclusions should be eliminated when 
fabricating the detectors. For crystal with medium 
average size and density of Te inclusions, extra 
examination should be taken to achieve further 
understanding and screening. 
 
4 Conclusions 
 
1) There is not a rigorous regularity for Te 
inclusions distribution along the axial direction of CZT 
ingots. And the size and distribution of Te inclusions in 
as-grown CZT ingots are attributed to the variation of 
growth rate and furnace temperature situation during 
crystal growth and morphological changes at the 
crystallization interface. 
2) Various type of Te-rich inclusions do affect the 
(μτ)e values of the corresponding CZT crystals. 
3) No strict correlations are identified among the 
sizes and concentrations of Te inclusions and the width 
of γ-ray induced photo-peak. 
4) Several types of extended defects in CZT crystals 
potentially degrade the CZT detectors performance. 
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